Objective-To determine whether central pain in patients with spinal cord injury is only dependent on the lesioning of spinothalamic pathways. Methods-In sixteen patients with spinal cord injury and central dysaesthesia pain, somatosensory abnormalities in painful denervated skin areas were compared with somatosensory findings in normal skin areas as well as in non-painful denervated skin areas. Results-The threshold values for detection of thermal (heat, cold, heat pain, or cold pain) and tactile stimulation were significantly changed in denervated skin areas although there were no significant differences in the threshold values between painful and non-painful denervated skin areas. The reductions of sensations of touch, vibration, joint position, and two point discrimination in painful and non-painful denervated skin areas were not significantly different. Allodynia (pain caused by non-noxious stimulation) and wind up-like pain (pain caused by repeatedly pricking the skin) were significantly more common in painful than nonpainful denervated skin areas. Conclusions-Because pain and thermal sensory perception are primarily mediated to the brain via spinothalamic pathways, whereas the sensations of touch, vibration and joint position are primarily mediated by dorsal column-medial lemniscal pathways, the results indicate that central pain is not only dependent on the lesioning of either dorsal column-medial lemniscal pathways or spinothalamic pathways. The findings of abnormal evoked pain (allodynia and wind up-like pain) may be consistent with the experimental findings of hyperexcitability in nociceptive spinothalamic tract neurons, that may be involved in the pathogenesis of central pain. Severe and disabling chronic pain is a major sequel after spinal cord injury, with an estimated prevalence ranging from 18 to 63%.1 Pain in patients with spinal cord injury includes musculoskeletal pain, radicular pain, visceral pain, central dysaesthesia pain, psychogenic pain, lesional pain, reflex sympathetic dystrophy, and limb pain secondary to compressive mononeuropathies.2 Central dysaesthesia pain is characterised by spontaneous continuous and intermittent pain as well as by pain evoked by non-noxious stimulation (allodynia).2 It is difficult to treat this type of pain as central pain is not effectively relieved by traditional analgesics or neurosurgical procedures.34 Increased knowledge of the pathogenesis of central dysaesthesia pain after spinal cord injury is desired.
Severe and disabling chronic pain is a major sequel after spinal cord injury, with an estimated prevalence ranging from 18 to 63%.1 Pain in patients with spinal cord injury includes musculoskeletal pain, radicular pain, visceral pain, central dysaesthesia pain, psychogenic pain, lesional pain, reflex sympathetic dystrophy, and limb pain secondary to compressive mononeuropathies.2 Central dysaesthesia pain is characterised by spontaneous continuous and intermittent pain as well as by pain evoked by non-noxious stimulation (allodynia).2 It is difficult to treat this type of pain as central pain is not effectively relieved by traditional analgesics or neurosurgical procedures.34 Increased knowledge of the pathogenesis of central dysaesthesia pain after spinal cord injury is desired.
An important hypothesis is that the development of central pain is dependent on the lesioning of spinothalamocortical pathways. 35 The hypothesis is partly based on the finding that sensory perception mediated to the brain via spinothalamocortical pathways is more often affected than sensory perception mediated by dorsal column-medial lemniscal pathways in this group of patients. 3 6 In the present study, somatosensory testing of patients with spinal cord injury and central dysaesthesia pain was undertaken to further examine whether central pain is only dependent on the lesioning of spinothalamic pathways.
Materials and methods

PATIENTS
Sixteen patients with spinal cord injury with central dysaesthesia pain attending the spinal unit, Sunnaas Rehabilitation Hospital, that were able to and willing to participate, were included in the study. The nature and purpose of the study were described to the patients, and a written informed consent was obtained from each participant. The study was approved by the ethics committee of Health Region II in Norway. SOMATOSENSORY TESTING Testing was performed by the same investigator, and care was taken to avoid stress during testing. Somatosensory testing was carried out within three different skin areas (table 1) : (1) a normal skin area above the lesion level; (2) a non-painful denervated skin area with impaired sensory perception; (3) a painful denervated skin area with impaired sensory perception. In this particular skin area the patients reported continuous dysaesthesia pain.
Threshold temperatures for sensations of warm, cold, heat pain, and cold pain were determined by a Somedic Thermotester Eide, J0rum, Stenehjem Table 1 Level of somatosensory testing   Normal  Non-painful  Painful  Patient  skin  denervated  denervated  No  area  skin area  skin area   1  T6/T7  T12  2  T8  L2/L3   S1/M2   3   C4/C5  C7  C8  4  C4/C5  C6  C7  5  C7  L2  S2  6  C7  T7/T8  T7/T8  7  C4  T12/L1  C8  8  C4/C5  T7  C6  9  C4  T6  T6  10  C4  T2  S3-5  11  C6  LI  L2  12  C6  LI  TI0  13  *  T4  14  C4  C6  C6  15  C4/C5  L5  C8  16  C6  T12/L1  T12/L1 *Trigeminal nerve, mandibular branch.
(Somedic AB, Stockholm, Sweden), using a modification of the Marstock method.7
Testing was performed as previously described.8 Threshold values for tactile sensation were assessed by von Frey filaments, applied in an ascending and descending order of magnitude. The force required to bend the filaments was converted to log units.
Two point discrimination was tested with Weber's compasses to determine whether it was reduced in painful and non-painful denervated skin areas compared with normal skin areas.
The sensation of vibration was tested over a bony part with a tuning fork. The aim of the investigation was to evaluate whether this was reduced in painful and non-painful denervated skin areas compared with normal skin areas. The sensation of light touch was examined by gently moving cotton wool over the skin to ascertain whether the sensation to light touch was reduced in painful and non-painful denervated skin areas compared with normal skin areas.
The sensation of joint position was tested conventionally to determine whether it was reduced in painful and non-painful denervated skin areas compared with normal skin areas.
Pain evoked by lateral skin stretch was examined by pulling the skin. The patients responded by reporting whether the skin stretch was painful or non-painful.
Allodynia was assessed by applying an electric toothbrush (Braun D 3, FRG) on the affected skin area until the patient had discomfort, or up to 30 seconds. Allodynia was also evoked by holding a hair dryer over the affected skin area in one patient (No 4) and by pulling the affected skin in another (No 9). Allodynia was recorded as a change in pain intensity, measured by a 100 mm visual analogue scale (O = no pain, 100 = unbearable pain), before stimulation and at the peak of pain.
Wind up-like pain was evoked by repeatedly pricking at a rate of 3/s the affected skin area with a von Frey filament (6-65 units) for 30 seconds. If wind up-like pain was present, the stimulation was initially not painful, but after a few seconds the patients reported an increase of pain, which was burning and stinging in quality. This wind up-like pain was recorded as change in pain intensity, measured by a visual analogue scale 100 mm (O = no pain, 100 = unbearable pain), before stimulation and at the peak of pain.
STATISTICS
The data were evaluated by non-parametric statistical analysis. The Wilcoxon signed rank test was used to calculate significant differences between two treatments. Calculations were performed by the computer program Statgraphics version 3 0. Differences in the frequency of abnormal sensory perception between two groups were calculated by x2 test using Yates' correction when the frequency of any cell was less than 10. Significance was accepted at the 5% level. Table 2 shows the demographic and clinical data. The median age was 39-5 years with a median duration of pain of 27 months. The completeness of cord damage was indicated by the ASIA impairment scale (table 2) . Spinal cord damage may also involve damage to spinal roots, but no patients had only root lesions. All the patients had continuous dysaesthesia pain with spontaneous intermittent pain and pain could be evoked in 88% of the patients (table 3) . The median score of pain intensity on the visual analogue scale was 54 mm, and the median frequency of attacks of intermittent pain was one to two each day. Intensity of continuous pain presented as mm change on a 100 mm VAS (no pain-unbearable pain). The word most exactly describing the continuous pain is in italics. Table 4 Threshold medians (and range) in normal skin area and in non-painful and painful denervated skin areas *P < 0 05; **P < 0-01; ***P < 0-005; Significant differences compared with measurements in normal skin area (Wilcoxon signed rank test). Table 4 shows the thresholds for temperature and tactile sensation. The thresholds for temperature sensation were more reduced in painful than non-painful denervated skin areas but the difference was not significant (P > 0.10). A consistent finding was that several of the patients reported a stinging, pin prick-like sensation in denervated skin areas that was more prominent than the thermal sensation. During application of warm or heat pain stimulation, this sensation was demonstrated three times more often in painful than non-painful denervated skin areas.
Results
PATIENTS
SOMATOSENSORY FINDINGS
The tactile sensibility was more reduced in non-painful than in painful denervated skin areas, but the difference was not significant (P = 0-10).
The figure shows the percentage difference in thermal and tactile thresholds between normal skin areas and painful or non-painful denervated skin areas. Table 5 shows the proportion of patients with impaired sensation of light touch, vibration, joint position, or two point discrimination. When comparing sensations in painful and non-painful denervated skin areas, there were no significant differences for the sensations of light touch (P > 0-75), vibration (P > 0-5), joint position (P > 0-25), or two point discrimination (P > 0-75) (X2 test with Yates correction).
Hyperalgesia to lateral skin stretch was found in 10 of 16 patients in painful denervated skin areas, but was not found in normal skin areas or in non-painful denervated skin areas (table 5) . Table 6 shows the changes in pain intensity during testing of evoked pain (allodynia and wind up-like pain). It was not possible to examine allodynia or wind-up like pain in the painful skin area in patient No 10 because testing provoked painful spasms. In patient No 8 the testing of wind up-like pain caused a local inflammation (about 1 cm in diameter) in all skin areas tested, and the inflammation was associated with pain different from wind up-like pain. Allodynia and wind up like-pain could not be provoked in normal skin areas. In non-painful denervated skin areas, allodynia was evoked in only one patient and wind uplike pain in three of 16 patients. In denervated Eide, 7orum, Stenehjem In the painful denervated skin areas, wind up-like pain provoked by a von Frey filament (6-65 units) was evoked in nine of the 14 patients tested. The median intensity of pain recorded by means of a 100 mm visual analogue scale in the nine patients was 61 mm with a median duration of after-sensation pain of 15 (range 5-30) seconds and a median diameter of radiation of pain of 8 (range [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] cm. The median latency for evoking wind uplike pain was 12 seconds. The difference in the occurrence of wind up-like pain in painful and non-painful denervated skin areas was significant (P < 0-05; x2 test with Yates' correction). In two of the nine patients wind up-like pain could also be evoked in the painful denervated skin area using a thin von Frey filament (1 -65 units).
Discussion
The present results show that sensory perception mediated by spinothalamic or dorsal column-medial lemniscal pathways was not affected more in painful than non-painful denervated skin areas in patients with spinal cord injury and central pain. On the other hand, abnormal evoked pain including allodynia and wind up-like pain was significantly more common in painful than non-painful denervated skin areas.
An important hypothesis is that the development of central pain is dependent on the lesioning of spinothalamocortical pathways.' These pathways seem to be consistently affected in patients with central pain, when comparing the occurrence of central pain with the anatomical location of the lesion.' In patients with central pain of different causes somatosensory perception mediated by spinothalamic pathways is more often affected than somatosensory perception mediated by dorsal column-medial lemniscal pathways.3I6 However, the results are primarily based on somatosensory testing in painful denervated skin areas. To our knowledge, comparison of somatosensory findings in painful and nonpainful denervated skin areas has not been performed. In the present study it was possible to identify a denervated skin area that was non-painful in 14 The finding that thermal sensation was most reduced in painful skin areas whereas tactile thresholds were most increased in nonpainful denervated skin areas may indicate that the relative thalamic input from spinothalamic and dorsal column-medial lemniscal pathways is changed in patients with central pain. However, the difference in impairment of sensory perception in painful and nonpainful skin areas was non-significant indicating that central pain is not only dependent on the lesioning of spinothalamic or dorsal column-medial lemniscal pathways.
The main finding in this study is that the occurrence of abnormal evoked pain is significantly more common in painful than in nonpainful denervated skin areas. Several lines of evidence show that these changes in pain perception may be related to increased responsiveness (hyperexcitability) of nociceptive spinothalamic tract neurons. Mechanical allodynia was found in 12 of 15 patients in painful denervated skin areas, but in only one patient in the non-painful denervated skin area. Lateral skin stretch caused pain in 10 of 16 patients in painful denervated skin areas, but in no patients in the non-painful denervated skin areas. The frequency of wind up-like pain in painful skin areas was significantly higher than in non-painful denervated skin areas.
Mechanical allodynia (pain caused by non-noxious stimulation) in patients with nerve injury pain may result from activation of Afl low threshold mechanoreceptors." II A tentative explanation of mechanical allodynia is that hyperexcitable dorsal horn neurons normally responding to noxious stimulation (AS and C high threshold nociceptors), start responding to activity in A,B low threshold mechanoreceptors. 13 14 Accordingly, in painful denervated skin areas, activation of AfB low threshold mechanoreceptors might activate hyperexcitable spinothalamic tract neurons.
In electrophysiological studies it has been shown that repeated stimulation of C fibres causes hyperactivity and prolonged discharge (wind up) in the dorsal horn nociceptive cells. '5 16 In normal people repeated Ab and C nociceptor stimulation cause temporal summation with increasing second pain and pain that outlasts the stimulation.'3 Repeated stimulation of AP low threshold mechanoreceptors never produces pain in normal subjects, but produces abnormal wind up-like pain in patients with nerve injury pain.'2 We demonstrated wind up-like pain in nine patients by repeated stimulation with a high intensity von Frey hair, normally activating Ad and C nociceptors, and in two patients by stimulation with a low intensity von Frey hair, normally activating AP low threshold mechanoreceptors. It should be noted that A,B and Ad/C mediated evoked pain have the same burning quality and nearly the same severity and tendency to radiate.
Several experimental studies have provided evidence that central deafferentation may produce hyperexcitability and spontaneous activity in central neurons, that may result in central pain with spontaneous continuous and intermittent pain and abnormal stimulus evoked pain. High frequency spontaneous activity was recorded in dorsal horn nociceptive cells at the level of the injury in a paraplegic patient with central pain. '7 In patients with spinal cord injury and central pain, recordings in the ventroposterior thalamus disclosed increased receptive fields and increased spontaneous activity in the denervated cells. '8 Electrical stimulation in the denervated region of the thalamus induced pain similar to the central pain.'8 Epileptiform discharge recorded in hyperactive neurons in the thalamus were also demonstrated in patients with central pain due to causes other than spinal cord injury. 19 In animals with a behavioural syndrome indicative of nerve injury pain due to dorsal rhizotomy, neuronal hyperactivity was recorded at the levels of the spinal cord dorsal horn, and at thalamic and cortical levels.20 Neuronal hyperactivity and hyperresponsiveness were also recorded at the thalamic and cortical levels in animals after chronic constriction injury to the sciatic nerve.2' The experimental data show that peripheral and central lesions cause similar changes in the activity of central neurons. This is of interest because central pain after spinal cord injury
In conclusion, the present data provide clinical evidence that the development of central pain after spinal cord injury is not only dependent on the lesioning of spinothalamic or dorsal column-medial lemniscal pathways, but may involve the development of abnormal activity including hyperexcitability in nociceptive spinothalamic tract neurons.
